Background: Lymph node (LN) metastasis is a strong predictor of unfavorable prognosis for patients with periampullary adenocarcinoma after surgical resection. We sought to assess the prognostic performance of several LN staging systems, including American Joint Committee on Cancer (AJCC)/ International Union Against Cancer (7th edition) N stage, the total number of LN (TLN), the number of metastatic LN (MLN), the lymph node ratio (LNR) and the log odds of MLNs (LODDS), in patients with periampullary adenocarcinoma after surgical resection and identify the optional LN staging system to accurately stratify patients with different prognoses. Methods: We retrospectively analyzed 205 patients with periampullary adenocarcinoma after surgical resection. The predictive effects of several LN staging systems on overall survival (OS) and progression free survival (PFS) for all included patients and patients with more than 12 TLNs examined were evaluated and compared using the time-dependent receive operating characteristic (ROC) curve and decision curve analysis (DCA), respectively. Results: Eighty-nine patients (43.4%) had LN metastasis and their survival was not significantly decreased compared with patients without LN metastasis. LODDS and LNR were able to stratify patients into various subgroups with significant differences of both OS and PFS. When assessed using ROC curve and DCA, LODDS outperformed LNR and other LN staging systems in predicting OS and PFS. In addition, when analyzed in patients with more than 12 TLNs examined, LODDS had a higher value of area under ROC curve (AUC) and showed better performance of DCA. Conclusion: LODDS performs better than other LN staging systems in predicting OS and PFS for patients with periampullary adenocarcinoma after surgical resection. Adequate LN dissection is necessary for curative surgery, as well as to achieve a more accurate staging of the disease and a more precise prediction of survival for these patients.
Introduction
The periampullary region is a complex region which is composed of distinct anatomical structures: the head of the pancreas, distal common bile duct (CBD), second portion of the duodenum, and ampulla of vater. Periampullary adenocarcinoma is now classified by their anatomic location of origin according to the 7th edition of American Joint Committee on Cancer (AJCC) staging system [1] .
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Although periampullary adenocarcinoma accounts for approximately 0.2% of all gastrointestinal tract tumors [2] and is a relatively uncommon neoplasm, there is an increasing trend of occurrence in recent years [3] . Periampullary adenocarcinoma is the most common malignancy for which patients receive pancreaticoduodenectomy (PD). The resectability is often limited by early local invasion of the surrounding anatomical structures, such as superior mesenteric vein and superior mesenteric artery. Only 15-20% of the periampullary adenocarcinomas are resectable at diagnosis due to the absence of early detection methods [4] . What is more, although the advances in surgical technique and adjuvant therapies have improved the outcomes of those patients, the progress has been slow. Accurate staging and establishing clinically useful prognostic factors are essential. Many negative prognostic factors, such as positive resection margins, microvascular invasion, perineural and lymphatic invasion, larger tumor size and low histological differentiation, have been clearly clarified for patients with periampullary adenocarcinoma [2, [5] [6] [7] [8] . When compared with other prognostic factors, the presence of lymph node (LN) metastasis has been suggested as one of strongest predictors of survival in patients with periampullary adenocarcinoma [9] [10] [11] .
Traditionally, the 7th edition of AJCC staging system provides LN classification according to absence or presence of metastasis of LN [1] . The utilization of LN status (positive vs. negative) or the absolute number of positive LNs for prognostic purposes may lead to dispute. Inadequate surgical lymphadenectomy or inadequate histopathologic examination of the resected specimen may contribute to the under-staging of patients. Rather than a simple binary designation of LN status, the lymph node ratio (LNR) which was defined as the ratio of number of metastatic LNs (MLN) relative to the total number of LN (TLN) examined, has been proposed to be a sensitive indicator of survival in patients with periampullary adenocarcinoma in many studies [12, 13] . However, LNR may lead to misunderstanding for predicting the prognosis of patients with all MLNs or without MLNs [14] . What is more, the log odds of MLNs (LODDS) was also proved as an alternative LN staging method with prognostic value, which was defined as the natural logarithm of the ratio of the probability of an LN to contain tumor cells versus the probability of an LN to be free of tumor cells [15, 16] .
The lymphadenectomy is recommended for patients with periampullary adenocarcinoma. However, the minimum number of TLN examined in PD is controversial. The AJCC staging system recommends at least 12 harvested nodes for accurate staging because insufficient LNs may lead to under-stage the N category in many kinds of tumors, such as gastric carcinoma or pancreatic carcinoma [1, [17] [18] [19] [20] . In some studies, the overall number of TLN was relatively small when PD was performed [11, 12] . There are few reports which focused on the prognostic value of LODDS in patients with periampullary adenocarcinoma after surgical resection and its comparison with other LN staging methods. Therefore, the aim of this study was to examine the discriminatory power of various LN staging methods, including the AJCC pN stage, MLN, TLN, NLR and LODDS, in patients with periampullary adenocarcinoma after surgical resection. Specifically, we sought to define the prognostic performance of various LN staging methods in patients with more than 12 TLNs examined to identify the best LN staging schema.
Materials and methods

Patients
Consecutive patients with newly pathologically proven periampullary adenocarcinoma after pancreatoduodenectomy carried out between February 2009 and September 2016 at the Department of Hepatobiliary and Pancreatic surgery of Sun Yat-sen University Cancer Center were enrolled into this study. Exclusion criteria are as follows: (1) patients with major vascular invasion (superior mesenteric vein, superior mesenteric artery, or inferior vena cava) (n=28); (2) patients who underwent limited surgery (e.g. ampullectomy) (n=5); (3) microscopic or macroscopic incomplete resection (n=2); (4) patients diagnosed with distant metastasis with or without palliative therapy (n=25); (5) pathologic cell types was not adenocarcinoma (n=65); (6) patients diagnosed with other concurrent primary tumors (n=12); (7) lost to follow-up (n=18). All patients were followed up for at least 1 year after treatment. A total of 205 patients were included in this study. This study was approved by the Institutional Review Board of Sun Yat-sen University Cancer Center. All procedures performed in the present study involving human participants were in accordance with the ethical standards of institutional and/or national research committees and the 1964 Helsinki Declaration and its later amendments or similar ethical standards.
Clinical data collection
All clinical and pathological data for diagnosis were retrieved from medical records archived at Sun Yat-sen University Cancer Center. The following clinical and pathological data were collected and analyzed: age, gender, white blood cell (WBC) count, platelet (PLT) count, alanine transaminase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma-glutamyl transpeptidase (GGT), albumin (ALB), total bilirubin (TBIL), indirect bilirubin (IBIL), C-reactive protein (CRP), serum levels of carbohydrate antigen 19-9 (CA19-9), anatomical location, tumor differentiation, tumor diameter, macrovascular invasion, microvascular invasion, perineural and lymphatic invasion, LN metastasis, TLN, MLN, LNR, LODDS, tumor-node-metastasis (TNM) stage and chemotherapy after operation. The TNM stage was categorized according to the pathological TNM staging system issued by 7th edition of AJCC [1] . The LNR was calculated as the number of MLNs divided by the total number of TLNs [21] . The optimal cutoff value for LNR was determined using time-dependent receiver operating characteristic (ROC) curve analysis.
The LODDS was calculated as log[(MLN+0.5)/(TLN-MLN+0.5)] [22] . Patients were classified on the basis of following intervals: LODDS1, LODDS < -3; LODDS2, -3 ≤ LODDS < -2; LODDS3, -2 ≤ LODDS < -1; LODDS4, -1 ≤ LODDS < 0 and LODDS5, LODDS ≥ 0. Moreover, the impact of the number of MLNs on the prognosis was evaluated using the following cut-off values: 0, 1 -3 and > 3 MLNs, which was similar to previous studies [23] . Finally, the impact of different LN staging schemas on prognosis was analyzed in patients with more than 12 TLNs examined.
Treatment procedure
Resection was performed when there were no evidence of metastasis and no arterial involvement. A classical Whipple operation was the standard resection which was performed for all the included patients. Regional lymphadenectomy included dissection of the LNs in the hepatoduodenal ligament, along the superior mesenteric vessels, and on the surface of the pancreas. After resection a pancreaticojejunostomy, hepaticojejunostomy and gastrojejunostomy were performed. After anastomotic reconstruction, two or three silicone abdominal drains were left posterior to the pancreaticojejunostomy and hepaticojejunostomy. There were no patients who received neoadjuvant treatment in this study. After surgical resection, adjuvant chemotherapy was done according to the discretion of the attending surgeon. It was primarily recommended to patients with tumors of T2 or higher stages and/or those with LN metastasis.
Follow-up
Patients were followed up at least every 2 months during the first year and every 3 months thereafter. CA19-9 test, liver ultrasonography, CT, and MRI were selectively performed as needed. Overall survival (OS) was defined as the duration from the date of operation until death or the last follow-up. Progression free survival (PFS) was defined as the duration from the date of operation until the date when tumor progression was diagnosed or the last follow-up. The median follow-up period was 533 days. The last follow-up was completed on August 31, 2017.
Statistical analysis
SPSS version 22 software (SPSS Inc., Chicago, IL, USA) was used to analyze the data. The laboratory threshold was used as cutoff value for each clinical data. Variables between two independent groups were compared using the Pearson Chi-squared test, Fisher's exact test, or the Mann-Whitney U test as appropriate. OS and PFS were estimated using the Kaplan-Meier method and compared using the log-rank test. Analyses for survival curves were performed using MedCalc software version 11.4.2.0 (MedCalc, Ostend, Belgium). The Cox regression analysis was used for both univariate analyses and multivariate analyses. Multivariate analysis was performed for variables which were significantly associated with OS or PFS in the univariate analysis, and the corresponding 95% confidence intervals (CIs) were calculated. Two-tailed P values less than 0.05 were considered statistically significant.
The discriminatory ability of the LN staging schemas was quantified by the values of areas under ROC curves (AUC). The analyses and comparisons of the time-dependent ROC curves and the decision curve analyses (DCA) were performed using R version 3.4.2 software (The R Foundation for Statistical Computing, Vienna, Austria. http://www .r-project.org).
Results
Patient characteristics
Of the 205 patients with periampullary adenocarcinoma who underwent pancreatoduodenectomy, 116 patients had no LN metastasis (56.6%) and 89 patients had LN metastasis (43.4%). Ampullary adenocarcinoma was the most common diagnosis (123 patients, 60%), followed by pancreatic adenocarcinoma (67 patients, 32.7%) and duodenal adenocarcinoma (15 patients, 7.3%). Baseline characteristics of patients are shown in Table 1 . The median age of all patients was 56.2 years (range 25-84 years). Most of the patients (128 patients, 62.4%) were men in the whole study cohort. Patients who had LN metastasis were more likely to have pathological microvascular invasion (P < 0.001), perineural and lymphatic invasion (P < 0.001) and a more advanced TNM stage (P < 0.001). The proportion of receiving chemotherapy was higher for patients with LN metastasis (P = 0.004). Both groups were similar with respect to age, gender, WBC, PLT, ALT, AST, ALP, GGT, ALB, TBIL, IBIL, CRP, CA19-9, anatomic location, tumor differentiation, pathological macrovascular invasion and tumor diameter. 
OS analysis
The median OS time was 533 days and the 1-year, 2-years and 3-years OS rates were 88.2%, 75.2% and 66.0%, respectively. In the univariate analysis, age, gender, WBC, PLT, ALT, AST, ALP, GGT, ALB, TBIL, IBIL, CRP, tumor differentiation, tumor diameter, macrovascular invasion, microvascular invasion, perineural and lymphatic invasion, chemotherapy, LN metastasis, TLN and MLN were not related to OS (P > 0.05). However, CA19-9, anatomic location, LNR and LODDS were significantly associated with OS ( Table 2 ). These four risk factors were entered into the multivariate Cox regression analysis. After a stepwise removal of variables, only LODDS (HR = 1.613, 95% CI = 1.120-2.324, P = 0.010) remained as significant predictor for OS (Table 3 ). All the included Patients were further stratified by LN staging systems for OS analysis in this study. The differences of OS of patients who were stratified by LN metastasis, TLN and MLN were all not significant. However, the OS of patients with higher LNR values or LODDS values were significantly poorer than those with lower values of LNR (P = 0.015, Fig. 1D ) or LODDS (P < 0.001, Fig. 1E ). What is more, there was a significant difference in OS according to LODDS (P = 0.005) other than LNR (P = 0.074) in patients with more than 12 TLNs examined (Fig. 2) .
PFS analysis
Tumor progression was observed in 60 (29.3%) patients of the whole study cohort. The median progression time was 418 days. The 1-year, 2-years and 3-years PFS rates were 77.2%, 67.3% and 62.6%, respectively. The univariate analysis revealed that CA19-9, anatomic location, tumor differentiation, microvascular invasion, perineural and lymphatic invasion, chemotherapy, LN metastasis, MLN, LNR and LODDS were all associated with PFS (P < 0.050, Table 2 ). Multivariate analysis was then performed in order to delineate various prognostic indicators. Variables which were significantly associated with survival status in the univariate Cox analyses were included. After adjusting for other risk factors, the multivariate analysis showed that both LODDS (HR = 1.827, 95% CI = 1.256-2.656, P = 0.002) and chemotherapy (HR = 3.246, 95% CI = 1.767-5.964, P < 0.001) remained independently associated with PFS. What is more, LODDS was the independently predictive factor for both OS and PFS (Table 3 ). All the included patients were further stratified by LN metastasis (P < 0.001, Fig. 1F ), TLN (P = 0.401, Fig.  1G ), MLN (P = 0.003, Fig. 1H ), LNR (P = 0.019, Fig. 1I ) and LODDS (P < 0.001, Fig. 1J ), respectively for PFS analysis. The differences of PFS rates were all significant except TLN. While the PFS rates were better for patients with lower values than with higher values of all LN staging systems when they had more than 12 TLNs examined (P < 0.050, Fig. 2E-H) .
ROC curve analysis of all LN staging systems
The prognostic value of LN staging systems was compared by analyzing the values of AUC at 1-year, 2-years and 3-years follow-up (Fig. 3) . As shown in Table 4 , the LODDS was the variable with the highest value of AUC for OS analysis and PFS analysis. What is more, the results of the cross-validated ROC analyses for patients with more than 12 TLNs examined showed that LODDS consistently had higher values of AUC at 1-year, 2-years and 3-years follow-up compared with other LN staging systems for OS analysis and PFS analysis (Fig. 4) . The comparison of values of AUC implied that the AUC values had been elevated when analyzed in patients with more than 12 TLNs examined compared with the whole patients ( Table 4) .
DCA of all LN staging systems
The DCA, a novel method to evaluate prediction models from the perspective of clinical consequences, revealed that compared with other models, LODDS showed superior net clinical benefit across a wider range of threshold probabilities for predicting 1-year, 2-years and 3-years OS and PFS in all patients (Fig. 5) . Moreover, the LODDS also showed improved performance for OS prediction for patients with more than 12 TLNs examined. The curves of LN metastasis and LODDS remained close regardless of the threshold selected for 1-year PFS prediction while LN metastasis performed even better than LODDS in predicting 2-years and 3-years PFS (Fig. 6 ). 
Discussion
The annual incidence of periampullary adenocarcinoma is steadily on the rise [3] . The only curative therapy for periampullary adenocarcinoma is surgical resection, usually performed as PD while the curative resectable rate was only 20% [24] . The long-term survival rate is relatively poor [25] and is greatly influenced by the rate of early progression [26, 27] . Wide range of factors which predicted prognosis of patients with periampullary adenocarcinoma after surgical resection had been discussed in previous reports [28] [29] [30] [31] . What is more, the role of LN metastasis in predicting survival in patients with periampullary adenocarcinoma was generally recognized [32] [33] [34] . However, the insufficient number of nodes harvested at the time of surgery or a relatively small number of the included patients in some studies may lead to misunderstanding of the role of LN stage [35] . Moreover, the predictive power of LN staging systems had not been discussed and compared. The "ideal" LN staging system remains controversial. Assessment of LN involvement is considered a key factor for prognostic stratification of patients with periampullary adenocarcinoma after surgical resection. The prognostic role of some LN staging systems had been discussed in the previous studies. LNR was found to be an independent factor in pancreatic and periampullary cancer [9, 11, 33] . In the study by J.Kwon [36] , LNR was proved to be associated with survival and performed well in predicting survival of patients with ampullary adenocarcinoma. Similar to previous reports, patients with LNR > 0.17 had significantly decreased OS and PFS even after adjusting for other prognostic factors in our study. However, some reports had also reported that there was no association between survival and LNR in patients with pancreatic cancer [37, 38] . Maybe the small sample size, multicollinearity of statistical analysis and the variable definition of R1 resection resulted in this discrepancy. Moreover, the LNR may be misleading when used as a prognostic tool for patients who have no metastatic LNs or all metastatic LNs regardless of the number of TLN [39] . This disadvantage may dilute the predictive power of LNR for survival analysis. Similarly, in this study, LNR was associated with OS and PFS in univariate analysis while multivariate analysis showed that LNR was not an independent indicator for OS or PFS.
There are a few studies [36] which focused on the prognostic impact of MLN in patients with periampullary adenocarcinoma. The predictive power of MLN varies greatly due to the different cutoff values adopted for survival analyses. Some reports explored the prognostic efficacy of MLN and LNR, showing that MLN outperformed LNR for survival prediction [35, 40] . However, in the study of Pawlik TM [10] , LNR was showed to be able to stratify patients with similar MLN into subgroups with different prognosis. The comparison of AUC values of LN staging systems in the present study showed that the AUC value of LNR was a little higher than that of MLN for OS analysis while the predictive efficacy of MLN for PFS analysis was even higher. It was believed that MLN could stratify patients into groups with significant survival differences, similar to the conclusion of the study with the largest cohort [41] , while the predictive power could be influenced by the differences of adopted cutoff values and the scale of the study cohort.
More recently, LODDS has been actively evaluated as alternative means to interpret LN data [21, 22, 42] . The present study was the first to evaluate and compare the specific prognostic efficacy of LN metastasis, the number of TLN, the number of MLN, LNR and LODDS in patients with periampullary adenocarcinoma after surgical resection. Specifically, using a relatively large population-based cohort of patients with periampullary adenocarcinoma after surgical resection, we demonstrated that both LODDS and LNR were able to stratify patients with significantly different OS and PFS. What is more, the extensive statistical analysis which involved two different approaches (ROC curve analysis [43] and DCA [44] ), illustrated that LODDS staging system showed superior prognostic discriminatory ability for both OS and PFS analyses compared with other LN staging systems. Compared with MLN and TLN, LODDS and LNR are mathematical tools which are less influenced by the extension of LN dissection and are able to increase the LN staging reliability, while the number MLN or TLN is more frequently depending on the number of retrieved LNs. What is more, LODDS performed even better than LNR in discrimination of prognosis, especially for patients with LNR 0 or 1. In this study, it was shown that LODDS was proved to be the independent factor for both OS and PFS prediction for patients with periampullary adenocarcinoma after surgical resection. This conclusion was consistent with the result from other gastrointestinal and hepatobiliary malignancies [15, 16, 45] .
On the other hand, some studies had showed that TLN was also associated with the survival and recurrence in patients with ampulla vater carcinoma [46] . The present study adopted 12 as the cutoff value of TLN for survival analysis according to the AJCC recommendation [1] . In addition, TLN > 12 was shown to associate with an even better survival [47, 48] . The long-term survival rates of patients with more than 12 TLNs examined were higher than those of patients with less than 12 TLNs examined, while the differences of survival rates were not significant in this study. Moreover, the OS of patients with LN metastasis were not significantly longer than those of patients without LN metastasis though the differences of OS were huge in this study. There was a discrepancy between our result and those of previous studies. A potential explanation for the discrepancy is that an even larger proportion of patients with LN metastasis had received chemotherapy after surgical resection which could have an effect on the long-term survival for patients. For patients with more than 12 TLNs examined, the prognostic power of LN staging systems was also compared. LODDS outperformed other LN staging systems for both OS and PFS predictions. What is more, the AUC values of survival prediction for patients with more than 12 TLNs examined were higher than those for all patients included in this study at each time point during the whole follow-up period. This suggested that LODDS performed even better as prognosticator of OS and PFS wherein TLN > 12. It was advocated that more LNs should be harvested during the process of operation or histopathologic examination of the resected specimen to obtain a more precise prediction of OS or PFS. The curves of DCA showed that LN metastasis performed better than LODDS in predicting 2-years and 3-years PFS. At the same time, the AUC value of LODDS for 2-years PFS prediction was higher than that of LN metastasis while the AUC value of LN metastasis for 3-years PFS prediction was a little higher. This implied that the efficacy was similar between LODDS and LN metastasis for PFS prediction for patients with more than 12 TLNs examined. This result needs to be validated in a larger study cohort. This study had several limitations which should be considered when interpreting the results. First, the inherent selection bias was inevitable due to the nature of retrospective study. Second, the whole cohort was consisted of patients who were diagnosed with pancreatic adenocarcinoma, ampullary adenocarcinoma and duodenal adenocarcinoma. It will be more practical to evaluate the predictive efficacy of LN staging systems in patients with specific carcinoma. The third limitation is the lack of external validation. The conclusions in this study need to be validated in a larger scale study.
In conclusion, LODDS is superior to AJCC pN stage and other LN staging systems in the prediction of OS and PFS for patients with periampullary adenocarcinoma after surgical resection. Adequate LN dissection is necessary for curative surgery, as well as to achieve a more accurate staging of the disease and a more precise prediction of survival for patients with periampullary adenocarcinoma after surgical resection.
